Journal  of  Power  Sources  196  (2011)  2971-2978 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


in 

SllbaidtS 


Low-temperature  sintering  and  electrical  properties  of  strontium-  and 
magnesium-doped  lanthanum  gallate  with  V20s  additive 

Sang  Bu  Haa,  Yoon  Ho  Choa,  Ho-Il  Jib,  Jong-Ho  Leeb,  Yun  Chan  Kangc,  Jong-Heun  Lee3  * 

a  Department  of  Materials  Science  and  Engineering,  Korea  University,  Anam-dong,  Sungbuk-ku,  Seoul  136-713,  South  Korea 
b  Center  for  Energy  Materials  Research,  Korea  Institute  of  Science  and  Technology,  Seoul  136-791,  South  Korea 
c  Department  of  Chemical  Engineering,  Konkuk  University,  Seoul  143-701,  South  Korea 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  30  July  2010 

Received  in  revised  form  1  November  2010 

Accepted  8  November  2010 

Available  online  24  November  2010 


Keywords: 

Strontium-  and  magnesium-doped 

lanthanum  gallate 

Solid  oxide  fuel  cell 

Vanadium  oxide 

Sintering  additive 

Phase  purity 

Oxide  ion  conductivity 


The  effects  of  a  V205  additive  on  the  low-temperature  sintering  and  ionic  conductivity  of  strontium- 
and  magnesium-doped  lanthanum  gallate  (LSGM:  La0.8Sr0.2Gao.8Mgo.202.8)  are  studied.  The  LSGM  pow¬ 
ders  prepared  by  the  glycine  nitrate  method  are  mixed  with  0.5-2  at.%  of  VO 5/2  and  then  sintered  at 
1 1 00- 1 400  °  C  in  air  for  4  h.  The  apparent  density  and  phase  purity  of  the  LSGM  specimens  are  increased 
with  increasing  sintering  temperature  and  VO 5/2  concentration  due  to  the  enhanced  sintering  and  mass 
transfer  via  the  intergranular  liquid  phase.  The  1  at.%  V05/2-doped  LSGM  specimen  sintered  at  1300 °C 
exhibits  a  high  oxide  ion  conductivity  of  ~0.027Scrrr1  at  700  °C  over  a  wide  range  of  oxygen  partial 
pressure  (Po2  =  lO-27  -  1  atm),  thereby  demonstrating  its  potential  as  a  useful  electrolyte  for  anode- 
supported  solid  oxide  fuel  cells  (SOFCs)  without  the  requirement  for  any  buffer  layer  between  the 
electrolyte  and  anode. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Strontium-  and  magnesium-doped  lanthanum  gallate  (LSGM) 
is  one  of  the  representative  electrolytes  for  application  in  solid 
oxide  fuel  cells  (SOFCs)  [1,2]  on  account  of  its  high  ionic  conduc¬ 
tivity  and  stability  over  a  wide  range  of  oxygen  partial  pressure 
(Po2  =  10-22  -  1  atm).  In  particular,  SOFC  operation  at  low  and 
intermediate  temperatures  (500-800  °C)  facilitates  a  rapid  start¬ 
up,  operational  stability,  and  the  use  of  cost-effective  gas  sealing 
and  interconnecting  materials.  This  can  be  best  accomplished  by 
thinning  the  electrolyte  using  an  anode-supported  design  [3-6]. 

The  low-temperature  densification  of  the  LSGM  electrolyte 
is  one  of  the  most  important  challenges  in  the  fabrication  of 
high-performance  LSGM-based  SOFCs.  At  relatively  low  sintering 
temperatures,  the  specimen  density  is  poor  and  various  interme¬ 
diate  phases  form  due  to  the  complexity  in  cations  [7,8].  Specimen 
densification  up  to  gas  impermeable  level  can  be  achieved  at  a 
high  sintering  temperature  of  ~1 500  °C  [9].  The  interdiffusion  of  La 
and  Ni  components  from  the  Ni-based  anode  and  LSGM  electrolyte 
leads,  however,  to  the  formation  of  a  resistive  interface  phase  such 
as  LaNi03  [10],  which  deteriorates  the  SOFC  performance.  To  pre¬ 
vent  this,  various  oxide  buffer  layers  such  as  lanthanum-doped 
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ceria  (LDC),  gadolinia-doped  ceria  (GDC)  and  scandia-stabilized  zir- 
conia  (ScSZ)  have  been  employed  [11-13]. 

Until  now,  the  sintering  temperature  has  been  decreased  either 
by  employing  innovative  consolidation  techniques  [14-19]  or  by 
preparing  easily  sinterable  powders  [20-26].  The  design  of  sinter¬ 
ing  aids  to  promote  densification  can  be  a  practical  alternative.  In 
a  previous  report  [27],  1  at.%  of  14  different  oxide  additives  was 
added  to  LSGM  and  their  effects  on  the  sintering  behaviour  was 
examined.  The  addition  of  V,  Zn,  Si,  Co,  and  Fe  improved  the  den¬ 
sification  and  a.c.  electrical  conductivity  at  300  °C,  with  V  showing 
the  most  promising  effect.  Thus  far,  the  possibility  of  enhancing 
the  ionic  conductivity  of  LSGM  has  been  explored  by  the  doping  of 
various  transition  metal  oxides  [28-35].  The  addition  of  Fe  or  Co 
is  known  to  increase  ionic  conductivity  but  to  decrease  the  trans¬ 
port  number.  The  effect  of  V  doping  on  the  ionic  conductivity  of 
LSGM  has  not  been  studied.  Accordingly,  in  order  to  examine  the 
possibility  of  V-doped  LSGM  as  a  new  electrolyte  of  LSGM-based 
SOFCs,  it  is  necessary  to  investigate  the  electrical  conductivity  at 
the  operation  temperature  of  SOFCs  and  its  dependence  on  the  oxy¬ 
gen  partial  pressure  (Po2 ).  Moreover,  it  is  essential  to  elucidate  the 
role  of  a  V  component  in  grain-interior  and  grain-boundary  con¬ 
duction,  the  mechanism  of  enhanced  sintering,  and  the  optimum 
doping  concentration  of  V. 

In  this  study,  the  roles  of  V2O5  additive  on  the  densification, 
phase  purity  and  ionic  conductivity  of  LSGM  are  systematically 
investigated  by  varying  the  V05/2  concentration  and  sintering  tern- 
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perature.  For  this,  undoped,  0.5,  1  and  2at.%  V05/2-doped  LSGM 
specimens  are  prepared  and  investigations  are  made  of  the  grain- 
interior  and  grain-boundary  conduction  by  means  of  complex 
impedance  spectroscopy,  the  location  of  V  component  using  trans¬ 
mission  electron  microscopy  (TEM)  and  energy  dispersive  X-ray 
spectroscopy  (EDS),  the  temperature  and  Pq2  dependence  of  electri¬ 
cal  conductivity,  the  density  and  the  phase  purity.  The  study  focuses 
on  an  examination  of  the  V-doped  LSGM  electrolyte  for  application 
in  low-  and  intermediate-temperature  SOFCs. 

2.  Experimental 

LSGM  (Lao.8Sr0.2Ga0.8lVIgo.202.8)  powders  were  prepared  by 
the  glycine  nitrate  method.  La(N03)3-6H20  (99.99%,  Aldrich, 
USA),  Sr(N03)2  (>99%,  Sigma-Aldrich,  St.  Louis,  MO,  USA), 
Ga(N03)3  xH20  (99.9%,  Aldrich,  USA)  and  Mg(N03)2-6H20 
(99%,  Sigma-Aldrich,  USA)  were  dissolved  in  150mL  of 
distilled  water  ([La3+]:[Sr2+]:[Ga3+]:[Mg2+]  =  8:2:8:2),  to 
which  H2NCFI2COOH  (glycine,  >99%,  Sigma,  USA)  was  added 
([glycine]/([La3+]  +  [Sr2+]  +  [Ga3+]  +  [Mg2+])  =  1.0).  The  polymeric 
gel  precursor  was  prepared  by  heating  the  stock  solution  at  80  °C 
for  lOh.  The  LSGM  powders  were  prepared  by  calcining  the 
precursors  at  1000  °C  for  2h.  The  particle  sizes  of  the  calcined 
LSGM  powders  ranged  from  30  to  200  nm  and  the  average  particle 
size  determined  from  TEM  micrographs  was  99.1  ±  54.2  nm.  V2Os 
was  added  to  LSGM  powders  at  0.5-2  at.%  by  ball  milling  a  mix¬ 
ture  of  LSGM  and  V205  (99%,  Junsei  Chemical  Co.,  Tokyo,  Japan) 
powders  in  C2H5OH  for  24  h.  After  drying  and  pulverization,  the 
specimens  were  isostatically  pressed  at  1 50  MPa  and  sintered  in  air 
at  1 100-1400  °C  for  4h.  For  simplicity,  the  specimens  doped  with 
[VO5/2  ]  =  x  at.%  will  be  referred  as  ‘LSGM-xV-ST’  where  ‘ST’  is  the 
sintering  temperature.  For  example,  LSGM-0.5V-1250  indicates 
the  0.5  at.%  V05/2-doped  LSGM  specimen  sintered  at  1250°C. 

The  apparent  density  of  the  sintered  body  was  measured 
using  the  Archimedes  method  in  deionized  water.  The  crystal 
phases  of  the  sintered  specimens  were  analyzed  by  X-ray  diffrac¬ 
tion  (XRD;  D/MAX-2500V/PC,  Rigaku  Co.,  Tokyo,  Japan),  and  their 
microstructures  were  observed  by  field  emission-scanning  elec¬ 
tron  microscopy  (FE-SEM;  Flitachi  S-4300,  Flitachi  Science  Systems 
Ltd.,  Flitachi  City,  Japan)  and  high  resolution-TEM  (FIR-TEM;  Tec- 
nai  20,  Philips,  Eindhoven,  Netherlands).  For  TEM  observations, 
the  sintered  specimens  were  cut,  polished,  dimpled,  and  finally 
ion  milled.  After  applying  a  Pt  electrode  using  Pt  paste  (TR7905, 
Tanaka  Co.,  Tokyo,  Japan),  the  a.c.  2-probe  conductivity  was  mea¬ 
sured  at  300-700  °C  in  air  using  an  impedance  analyzer  (Alpha-N, 
Novocontrol  Tech.,  Hundsangen,  Germany). 

The  d.c.  4-probe  conductivity  of  the  sintered  specimen  was  also 
measured  at  a  fixed  temperature  of  700  °C  while  changing  the  Po2 . 
The  ambient  Pq2  was  controlled  by  N2/02  mixtures  and  H2/FI20/Ar 
mixtures  and  monitored  by  YSZ-based  oxygen  sensors.  The  P02 
range  of  examination  was  -27  <  logP02  <  0. 

3.  Results  and  discussion 

3.1.  Densification  and  microstructure 

The  apparent  densities  of  the  undoped  LSGM  specimens 
increase  as  the  sintering  temperature  is  increased  to  1300  °C 
and  then  tend  to  saturate  above  1300  °C  (Fig.  1).  By  con¬ 
trast,  the  saturated  density  could  be  attained  at  1250°C  for  the 
LSGM-1V  specimen.  The  V-induced  promotion  of  sintering  is 
more  substantial  and  reproducible  at  temperatures  <1250  °C.  The 
microstructures  of  the  specimens  sintered  at  1200  and  1300  °C  are 
shown  in  Fig.  2.  When  sintered  at  1200  °C,  many  pores  are  found 
in  the  undoped  specimen  (Fig.  2(a)),  while  all  the  V-doped  speci¬ 
mens  show  dense  microstructures  (Fig.  2(b)-(d)).  Grain  growth  is 
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Fig.  1.  Apparent  densities  of  undoped  and  1  at.%  V05/2-doped  LSGM  specimens  with 
varying  sintering  temperature. 
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observed  as  the  sintering  temperature  is  increased  to  1300  °C.  At 
1300  °C,  all  the  specimens,  regardless  of  V  doping,  have  relatively 
dense  microstructures  (Fig.  2(e)-(h)).  The  variation  of  density  as  a 
function  of  V05/2  concentration  and  sintering  temperature  are  pre¬ 
sented  in  Fig.  3.  The  density  increases  greatly  with  increasing  VO 5/2 
doping  concentration  and  the  promotion  effect  is  higher  at  1200 
and  1250°C.  This  demonstrates  that  the  sintering  temperature  of 
LSGM  for  the  application  of  SOFCs  can  be  lowered  to  1250°C  by 
doping  with  0.5-2  at.%  of  V05/2. 

3.2.  Phase  purity 

The  LSGM  powders  after  the  calcination  of  the  precursors  at 
1000°C  contain  second  phases  such  as  LaSrGa307  (LSG3)  and 
LaSrGa04  (LSG)  (not  shown).  The  amount  of  LSG3  and  LSG  phases 
decreases  with  increasing  sintering  temperature  (Fig.  4(a),  (d)  and 
(g)).  The  phase  purity  increases  with  increasing  V05/2  doping  con¬ 
centration  (see,  for  example,  Fig.  4(a)-(c)).  The  PP  factor  is  used  as  a 
measure  of  the  LSGM  phase  purity  and  is  defined  as  the  intensity  of 
peaks  for  LSG3  and  LSG  phases  relative  to  that  for  the  LSGM  phase, 
namely: 

pp=  1  /LSG3(211)+/lsG(103)  ^ 

24sGM(112) 

where  /Lsg3(2H>  4sg(103)  and  4sgm(H2)  are  the  intensities  of  the 
(211)  peak  of  LaSrGa307,  the  (103)  peak  of  LaSrGa04  and  the 
(112)  peak  of  LSGM,  respectively.  The  PP  factor  is  higher  for  purer 
LSGM  specimens  and  becomes  unity  for  the  completely  phase-pure 
one.  At  all  sintering  temperatures  ( 1 200-1350  °C),  the  PP  factors  are 
increased  with  increasing  [V05/2]  (Fig.  5),  which  indicates  that  the 
increased  phase  purity  is  achieved  by  V  doping.  In  particular,  the 
PP  factor  is  increased  from  0.89  to  0.96  by  the  addition  of  2  at.%  of 
V05/2  at  the  sintering  temperature  of  1 300  °C  and  thereby  indicates 
that  an  almost  phase-pure  LSGM  specimen  can  be  prepared  even 
at  a  sintering  temperature  as  low  as  1300  °C. 

3.3.  Temperature  dependence  of  electrical  conductivity 

The  electrical  conductivity  determined  by  the  a.c.  2-probe 
method  at  300-700  °C  is  shown  in  Fig.  6.  The  electrical  conduc¬ 
tivity  of  the  LSGM-1  V-l 300  specimen  is  higher  than  that  of  the 
LSGM-1 300  specimen.  The  apparent  activation  energy  for  conduc¬ 
tion  (A  Eapp)  is  calculated  from  the  slope  of  the  linear  plot  between 
ln(crT)  and  1  /T.  The  A Eapp  value  of  LSGM-1  V-1300  is  1.02  ±  0.01  eV, 
which  is  slightly  smaller  than  that  of  LSGM-1 300  (1.05  ±0.01  eV). 
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Fig.  2.  SEM  images  of  (a)  LSGM-1200,  (b)  LSGM-0.5V-1200,  (c)  LSGM-1V-1200,  (d)  LSGM-2V-1200,  (e)  LSGM-1300,  (f)  LSGM-0.5V-1300,  (g)  LSGM-1V-1300,  and  (h)  LSGM- 
2V-1300. 


3.4.  Complex  impedance  analysis  and  discussion 

The  effect  of  V  doping  in  increasing  the  electrical  conductiv¬ 
ity  and  decreasing  the  A Eapp  value  is  related  to  various  factors 
such  as  the  incorporation  of  V  into  the  LSGM  lattice,  the  speci¬ 
men  density  (porosity),  the  composition  of  the  LSGM  electrolyte, 
the  existence  of  a  second  phase,  and  the  physico-chemical  prop¬ 
erties  of  the  grain  boundary.  To  aid  understanding,  the  separation 
of  the  grain-interior  and  the  grain-boundary  contributions  from 
complex  impedance  spectra  can  be  considered  as  a  useful  tool. 
At  high  temperatures  (500-700 °C),  the  deconvolution  of  grain- 
interior  and  grain-boundary  contributions  is  difficult  because  the 
inductive  component  from  the  lead  wire  becomes  relatively  dom¬ 
inant  against  the  RC  parallel  contributions  from  the  bulk  and 


grain  boundary.  Thus,  the  grain-interior  and  grain-boundary  resis¬ 
tivity  cannot  be  attained  over  the  entire  temperature  regime 
and  the  apparent  activation  energies  for  conduction  in  the  grain 
interior  and  across  the  grain  boundary  cannot  be  analyzed.  By 
contrast,  well-defined  semicircles  can  be  attained  in  the  complex 
impedance  spectra  at  low  temperatures  (300-450  °C).  Accord¬ 
ingly,  the  complex  impedance  at  300  °C  is  analyzed  to  investigate 
the  change  of  grain-interior  and  grain-boundary  resistivity  in 
relation  to  V  doping  (Fig.  7).  The  three  contributions  from  the 
low-frequency  range  are  those  from  electrode  polarization,  grain 
boundary,  and  grain  interior.  The  grain-interior  resistivity  ( pgi ) 
and  apparent  grain-boundary  resistivity  ( Pgbapp )  are  attained  from 
the  impedance  spectra  and  the  results  are  shown  in  Fig.  8(a) 
and  (b). 
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Fig.  3.  Apparent  densities  of  LSGM  with  varying  VO 5/2  concentration  and  sintering 
temperature. 


Fig.  5.  Phase  purity  of  LSGM  with  varying  V05/2  concentration  and  sintering  tem¬ 
perature.  /LSG3(211).  4sg(103).  and  JLS gm(H2)  are  intensities  of  (2  1 1 )  peak  of  LaSrGa307 
(103)  peak  of  LaSrGa04,  and  (112)  peak  of  LSGM,  respectively. 
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Fig.  4.  X-ray  diffraction  (XRD)  patterns  of  (a)  LSGM-1200,  (b)  LSGM-1V-1200,  (c)  LSGM-2V-1200,  (d)  LSGM-1250,  (e)  LSGM-1V-1250,  (f)  LSGM-2V-1250,  (g)  LSGM-1300,  (h) 
LSGM-1V-1300,  and  (i)  LSGM-2V-1300. 
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Fig.  6.  In  oT  as  a  function  of  1 000/7  and  apparent  activation  energies  for  conduction 
(A Eapp)  for  LSGM-1300  and  LSGM-1V-1300. 
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Fig.  7.  Complex  impedance  spectra  of  (a)  LSGM-1300,  (b)  LSGM-0.5V-1300,  (c) 
LSGM-1 V-1300,  and  (d)  LSGM-2V-1300  at  300  °C  in  air. 


At  a  constant  VO 5/2  doping  concentration,  the  pgi  values 
decrease  with  increasing  sintering  temperature.  As  shown  in 
Figs.  3  and  5,  the  density  and  phase  purity  are  increased  with 
increasing  sintering  temperature.  The  pgi  value  is  determined  by 
the  apparent  electrode  area  and  specimen  thickness.  Thus,  the 
increase  of  effective  cross-sectional  area  for  conduction  by  densifi- 
cation  can  increase  the  pgi  value.  A  uniform  and  precise  electrolyte 
composition  with  minimal  presence  of  a  resistive  second  phase  in  a 
highly  phase-pure  specimen  would  also  improve  the  electrical  con¬ 
ductivity.  Accordingly,  the  enhanced  grain-interior  conductivity  at 
high  sintering  temperature  can  be  attributed  to  the  high  density 
and  phase  purity  of  the  specimen  with  minimal  second  phase. 


At  constant  sintering  temperature,  the  pgi  values  decrease  with 
increasing  VO 5/2  doping  concentration.  The  ionic  radii  of  La3+  and 
Sr2+,  A-site  cations  in  the  perovskite  structure,  at  the  coordination 
numbers  of  12  are  1.500  and  1.580  A,  respectively  [36],  whereas 
those  of  B-site  cations,  Ga3+  and  Mg2+,  at  the  coordination  num¬ 
bers  of  6  are  0.760  and  0.860  A,  respectively.  The  ionic  radius  of 
V5+  at  the  coordination  number  is  0.680  A,  which  is  significantly 
smaller  than  both  of  the  A-site  and  B-site  cations.  A  consideration 
of  the  ionic  size  suggests  that  most  of  the  V  is  not  incorporated  into 
the  lattice.  Even  if  it  were  incorporated  into  the  B  site,  the  higher 
valence  of  V  would  not  generate  more  oxygen  vacancies.  In  order  to 
confirm  whether  V  is  incorporated  into  the  LSGM  lattice  or  not,  the 
lattice  parameter  can  be  measured.  The  variation  of  lattice  param¬ 
eters  with  increasing  VO 5/2  doping  concentration  cannot,  however, 
be  used  as  an  indication  of  V  incorporation  because  the  LSGM  com¬ 
position  and  the  amount  of  second  phases  are  also  dependent  upon 
the  VO5/2  doping  concentration  in  this  study. 

The  melting  point  of  V205  is  690 °C  [37,38].  V205  is  known  to 
form  an  intergranular  liquid  phase  at  relatively  low  temperature 
and  to  promote  densification  via  liquid  phase  sintering  [37-40]. 
This  is  consistent  with  the  present  results,  namely,  that  the  density 
and  phase  purity  are  increased  by  increasing  VO 5/2  doping  concen¬ 
tration  (Figs.  3  and  5).  Thus,  in  the  present  study,  most  of  the  V  is  not 
incorporated  into  the  LSGM  lattice  but  acts  as  the  precursor  of  the 
intergranular  liquid  phase  to  promote  sintering  and  mass  transfer. 
When  sintered  at  1200  and  1250°C,  the  density  and  phase  purity 
are  increased  significantly  by  the  addition  of  V205  (Figs.  3  and  5), 
both  of  which  decrease  the  pgi  values.  In  the  specimens  sintered  at 
1300  °C,  the  decrease  of  pgi  is  dominated  by  the  increase  of  phase 
purity  (Figs.  3  and  5).  Finally,  although  the  enhancement  is  not 
large,  the  density  and  phase  purity  are  slightly  increased  with  V 
doping  at  the  sintering  temperature  of  1350  °C,  which  can  explain 
the  enhancement  of  grain-interior  conduction.  Therefore,  in  over¬ 
all,  the  V  doping-induced  decrease  in  the  pgi  values  (Fig.  8(a))  can 
be  explained  by  the  increased  phase  purity  and  density. 

The  pgbapp  values  are  also  decreased  with  increasing  sintering 
temperature  and  V05/2  doping  concentration  although  the  values 
fluctuated  slightly  in  LSGM-1  V-1350  and  LSGM-2V-1350  (Fig.  8(b)). 
The  pgbapp  values  are  calculated  from  the  cross-sectional  area  (A) 
and  thickness  (/)  of  the  specimen.  Precise  measurement  of  the 
thickness  of  the  resistive  grain-boundary  phases  ($gb)  for  specific 
analysis  is  hampered,  however,  by  the  distribution  of  the  space 
charge  layer,  the  grain-boundary  structures,  and  the  configuration 
of  the  intergranular  phase.  Nevertheless,  an  approximate  specific 
grain-boundary  resistivity  {pgbsp )  can  be  calculated  from  the  ratio  of 
the  capacitances  of  the  grain  interior  and  grain  boundary  using  the 
following  assumptions  [41  ]:  (i)  a  brick  layer  model,  (ii)  pgbsp  » 

(iii)  grain  size  (dg)f>8gb,  and  (iv)  the  permittivity  of  the  grain¬ 
boundary  phase  ( £gb )  =  the  permittivity  of  the  grain-interior  phase 
(%) 


Dsp  -  —  QaPP 
"gb  -  r  Vet 


C,  '  gb 


(2) 


where  C\  and  C2  are  the  capacitances  of  the  grain-interior  and 
grain-boundary  components  obtained  by  deconvolution  of  the 
impedance  spectra. 

The  results  are  shown  in  Fig.  8(c).  With  a  range  of 
4450-8680  k£2  cm  (Fig.  8(c)),  the  pgbsp  values  are  1 05.0-283.8  times 
larger  than  the  pgi  values.  This  indicates  that  the  grain  boundary 
of  the  undoped  and  V-doped  LSGM  specimens  is  a  few  hundred 
times  more  resistive  than  the  grain  interior.  The  pgbsp  values  of 
LSGM-1  V  and  LSGM-2V  are  similar,  regardless  of  the  sintering  tem¬ 
perature,  whereas  those  of  LSGM  and  LSGM-0.5V  are  increased 
by  ~50%  as  the  sintering  temperature  is  increased  from  1200  to 
1350  °C.  By  contrast,  at  constant  composition,  the  pgbapp  values  of 
the  specimens  varies  1 0.8-26.2  times  with  the  variation  of  sintering 
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Fig.  8.  (a)  Grain-interior  resistivity  (pgi),  (b)  apparent  grain-boundary  resistivity  ( Pgbapp )  and  (c)  specific  grain-boundary  resistivity  (pgfasp)  of  LSGM  with  varying  VO 5/2 
concentration  and  sintering  temperature. 


temperature  (Fig.  8(b)).  This  suggests  that  the  significant  decrease 
of  pgbapp  with  increasing  sintering  temperature  (Fig.  8(b))  is  mainly 
due  to  the  decreased  grain-boundary  density  by  grain  growth. 

The  average  grain  sizes  of  LSGM-1300,  LSGM-0.5V-1300,  LSGM- 
1V-1300  and  LSGM-2V-1300  were  1.18,  1.44,  1.46  and  1.62  pirn, 
respectively,  as  calculated  from  about  400  grains.  This  indicates  that 
the  V-induced  decrease  of  pgbapp  values  is  partly  due  to  the  grain 
coarsening.  At  the  sintering  temperatures  of  1200  and  1250°C, 


the  pgbsp  values  remain  similar  regardless  of  the  VO 5/2  doping 
concentration  (Fig.  8(c)).  By  contrast,  when  sintered  at  1300  and 
1350  °C,  the  pgbsp  values  decreases  with  increasing  V05/2  doping 
concentration  (Fig.  8(c)).  It  has  not  been  possible  to  elucidate  why 
the  grain  boundary  becomes  more  conductive  with  V205  addition 
when  sintered  at  1300  and  1350  °C  and  further  study  is  required. 
Nevertheless,  the  grain-boundary  conduction  is  not  affected  by  the 
addition  ofV205. 
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Fig.  9.  (a)  Transmission  electron  micrograph  of  LSGM-1V-1300  and  EDS  results  at  (b)  and  (c)  second  phase  (denoted  as  SP),  (d)  grain-interior  (denoted  as  GI),  (e)  grain 
boundary  (denoted  as  GB),  and  (f)  triple  joint  (denoted  as  TP). 
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3.5.  TEM  analysis 

In  solid  electrolytes  doped  with  acceptors  such  as  zirconia  and 
ceria,  it  is  known  that  the  siliceous  intergranular  liquid  phase  vir¬ 
tually  blocks  grain-boundary  conduction  [42-49],  although  it  can 
promote  densification  via  a  liquid  phase  sintering  mechanism  [50]. 
In  the  present  study,  considering  the  amorphous  configuration,  the 
intergranular  liquid  phase  containing  V205  may  have  also  played 
a  deleterious  role  in  the  grain-boundary  conduction.  Nevertheless, 
the  grain-boundary  conduction  is  not  affected  by  V205  addition.  To 
determine  the  reason,  the  location  of  V  was  investigated  using  TEM 
and  EDS  (Fig.  9).  V  is  not  detected  at  the  grain  interior  (Gil ,  GI2,  GI3, 
GI4  in  Fig.  9(a)  and  (d)),  which  further  reduces  the  plausibility  of  V 
incorporation  into  the  LSGM  lattice.  Nor  is  any  significant  V  com¬ 
ponent  observed  at  most  of  the  grain  boundaries  (GB1,  GB2,  GB3, 
GB4,  GB5  in  Fig.  9(a)  and  (e))  or  in  the  triple  junctions  between  the 
grain  boundaries  (TP1,  TP2  in  Fig.  9(a)  and  (f)).  Among  the  Sr-  and 
Mg-rich  second  phases  (SP1  and  SP2  in  Fig.  9(a))  located  at  the  triple 
junctions,  most  of  the  V  component  is  found  at  the  former  (SP1  in 
Fig.  9(a)  and  (b)).  These  tendencies  are  further  confirmed  by  repet¬ 
itive  analysis  on  other  Sr-rich  second  phases.  These  relatively  clean 
grain  boundaries  indicate  that  the  intergranular  phase  containing 
V  after  liquid  phase  sintering  is  gathered  around  the  Sr-rich  second 
phase. 

Previously,  it  was  reported  [51]  that  the  grain-boundary  conduc¬ 
tion  of  LSGM  is  barely  affected  by  the  addition  of  even  2000  ppm 
Si02  to  LSGM,  while  that  of  GDC  is  significantly  deteriorated.  The 
siliceous  phase  is  scavenged  near  the  Sr-rich  phase  rather  than  the 
Mg-rich  one,  which  is  attributed  to  the  higher  chemical  affinity 
between  SrO  and  the  acidic  siliceous  intergranular  phase  as  a  result 
of  the  greater  basicity,  according  to  cationic  field  strength,  of  SrO 
compared  with  MgO  [52].  The  cationic  field  strength  of  V205  is 
similar  to  thatofSi02  (1.57)  [53]  and  thereby  indicates  thatV205  is 
acidic.  Thus,  after  V205-assisted  liquid  phase  sintering,  most  of  the 
intergranular  phase  containing  V  is  gathered  near  the  more  basic 
Sr-rich  second  phase  along  the  grain  boundary.  This  explains  the 
relatively  clean  and  conductive  grain  boundary  even  after  V  doping. 

3.6.  P02  dependence  of  electrical  conductivity 
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Fig.  10.  Electrical  conductivity  of  LSGM  (Lao.8Sro.2Gao.8Mg0.202.8)  as  function  of  oxy¬ 
gen  partial  pressure  (Pq2  ). 


is  approximately  one-tenth  of  that  in  electrolyte-supported  SOFCs 
(-200  pm).  Accordingly,  consideration  of  both  the  ionic  conduc¬ 
tivity  and  the  thickness  suggests  that  the  conductance  of  the 
LSGM-1V-1300  electrolyte  in  the  anode-supported  design  can  be 
3.2-3.8  times  higher  than  that  of  dense  LSGM-1400  or  LSGM-CON- 
1470  electrolytes  in  the  electrolyte-supported  design.  The  resistive 
interface  phase  between  the  LSGM  electrolyte  and  the  Ni-based 
anode  forms  by  interdiffusion  of  La  and  Ni  components  at  >1350  °C 
during  sintering  [54,55].  This  indicates  that  sintering  of  the  elec¬ 
trolyte  at  <1 300  °C  will  minimize  the  detrimental  interface  reaction 
and  thus  remove  the  oxide  buffer  layer  between  the  electrolyte  and 
anode.  Accordingly,  the  LSGM  electrolyte  with  a  V2Os  additive  can 
provide  a  high  ionic  conductivity,  anode-supported  SOFC  design 
without  oxide  buffer  layer,  and  good  stability  over  a  wide  range  of 
Po2  (10-27-latm). 


In  order  to  elucidate  the  effects  of  V  doping  on  the  LSGM  oxide 
ion  conductivity,  the  electrical  conductivities  of  four  sintered  sam¬ 
ples  were  measured  as  a  function  of  Po2  by  a  conventional  d.c. 
4-probe  method  at  700  °C  (Fig.  10).  For  comparison,  the  LSGM- 
CON-1470  sample  was  prepared  by  sintering  commercial  LSGM 
powder  (Seimi  Chemical,  Chigasaki  City,  Japan)  at  1 470  °C  for  3  h.  All 
the  specimens  exhibit  approximately  constant  conductivity  over  a 
wide  range  of  Po2  from  Po2  =  1 0-27  -  1  atm,  which  suggests  that 
ionic  conduction  in  the  P02  regime  is  not  affected  by  V  doping.  The 
approximately  constant  conductivity,  regardless  of  Pq2  ,  is  a  further 
indication  that  most  of  the  V  is  not  incorporated  into  the  LSGM 
lattice. 

The  electrical  conductivity  of  LSGM-1 V-1300  (-0.027  S  cm-1 )  is 
higher  than  that  of  LSGM-1 300  (-0.022  S  cm-1 ),  probably  because 
of  the  aforementioned  V  doping  effect.  The  electrical  conductivi¬ 
ties  of  LSGM-1 300  and  LSGM-1V-1300,  however,  are  still  smaller 
than  those  of  single-phase  LSGM-1400  (-0.085  S  cm-1 )  and  LSGM- 
CON-1470  (-0.072  S  cm-1).  The  PP  factors  of  LSGM-1400  and 
LSGM-CON-1470  are  -1  while  those  of  LSGM-1300  and  LSGM-1V- 
1300  are  0.890  and  0.935,  respectively.  By  contrast,  the  increase 
of  density  by  the  elevation  of  sintering  temperature  to  1400  and 
1470  °C  is  small.  Thus  the  higher  conductivity  of  LSGM-1400  and 
LSGM-CON-1470  is  mainly  due  to  the  enhanced  phase  purity.  Nev¬ 
ertheless,  the  LSGM-1  V-1300  specimen  in  the  present  study  can  be 
advantageous  in  the  anode-supported  design  of  a  SOFC.  The  typical 
thickness  of  the  electrolyte  in  anode-supported  SOFCs  (-20  pan) 


4.  Conclusion 

The  effects  of  V2Os  additive  on  the  densification,  crystal  phase, 
and  electrical  conductivity  of  LSGM  have  been  investigated.  The 
addition  of  V2Os  promotes  the  densification  and  increases  the 
phase  purity,  which  are  attributed  to  enhanced  sintering  and  mass 
transfer  via  V2  O5  -assisted  liquid  phase  sintering.  At  a  sintering  tem¬ 
perature  of  1 300  °C,  the  electrical  conductivity  of  LSGM  is  increased 
by  the  addition  of  1  at.%  of  VO 5/2.  The  results  from  TEM  and  EDS 
analyses  suggest  that  most  of  the  V  is  not  incorporated  into  the 
LSGM  lattice  but  acts  as  a  precursor  for  the  intergranular  liquid 
phase.  The  effect  of  V2Os  addition  on  the  grain-interior  and  grain¬ 
boundary  conduction  is  analyzed  and  discussed  using  complex 
impedance  analysis.  The  LSGM-1V-1300  specimen  shows  a  high 
ionic  conductivity  (-0.027  S  cm-1)  over  a  wide  Po2  range  (Po2  = 
10-27  -  1  atm).  This  suggests  that  the  addition  of  V205  to  a  LSGM 
electrolyte  is  advantageous  for  the  fabrication  of  anode-supported 
SOFCs  using  an  LSGM  electrolyte  at  a  low  sintering  temperature 
(<1300  °C)  without  oxide  buffer  layer. 
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